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Based on observational tests of large scale structure and constraints on halo structure, dark matter is generally
taken to be cold and essentially collisionless. On the other hand, given the large number of particles and forces
in the visible world, a more complex dark sector could be a reasonable or even likely possibility. This hypoth-
esis leads to testable consequences, perhaps portending the discovery of a rich hidden world neighboring
our own. We consider a scenario that readily satisﬁes current bounds that we call Partially Interacting Dark
Matter (PIDM). This scenario contains self-interacting dark matter, but it is not the dominant component.
Even if PIDM contains only a fraction of the net dark matter density, comparable to the baryonic fraction, the
subdominant component ’ s interactions can lead to interesting and potentially observable consequences. Our
primary focus will be the special case of Double-Disk Dark Matter (DDDM), in which self-interactions allow
the dark matter to lose enough energy to lead to dynamics similar to those in the baryonic sector. We explore
a simple model in which DDDM can cool efﬁciently and form a disk within galaxies, and we evaluate some
of the possible observational signatures. The most prominent signal of such a scenario could be an enhanced
indirect detection signature with a distinctive spatial distribution. Even though subdominant, the enhanced
density at the center of the galaxy and possibly throughout the plane of the galaxy (depending on precise
alignment) can lead to large boost factors, and could even explain a signature as large as the 130 GeV Fermi
line. Such scenarios also predict additional dark radiation degrees of freedom that could soon be detectable
and would inﬂuence the interpretation of future data, such as that from Planck and from the Gaia satellite. We
consider this to be the ﬁrst step toward exploring a rich array of new possibilities for dark matter dynamics.
c © 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1. Introduction 
All known particles make up only a small fraction of the energy
density in our universe, yet the Standard Model is extremely com-
plicated: three forces, one Higgsed, one conﬁning, plus quarks and
leptons organized into three generations. This model—the compo-
nents of the visible universe—deviates markedly from any apparent
principle of minimality. Yet, when considering the 85% of the matter
in the universe that is dark, our usual response is to turn to mini-
mal models of a cold, collisionless particle: a WIMP, perhaps, or an
axion. Slightly less minimal variations are sometimes studied, often
motivated by data that is in mild conﬂict with the cold dark mat-
ter paradigm. Self-interacting dark matter (SIDM) [ 1 ] and warm dark
matter [ 2 ] are well-studied examples. These minimal choices are, to
some extent, justiﬁed by Ockham ’ s razor. We know that the bulk
of galaxy halos consists of dark matter organized into large, diffuse,
spheroidal distributions, and (based on halo shapes and the Bullet          
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Open access under CC BY license.Cluster) that the stuff making up these halos is approximately colli-
sionless, which offers some support for the idea of minimality. Still,
confronted with the richness of physics in the visible world around
us, it is tantalizing to imagine that the dark world could be similarly
complex, full of structures, forces, and matter that are invisible to
us. We might hope that a whole sector of the universe as rich as our
own exists just out of sight. Our goal in this paper is to argue that
this superﬁcially fanciful idea should be taken seriously as a testable
hypothesis, which might even help to resolve some of the deﬁciencies
of the CDM scenario. Double-Disk Dark Matter (DDDM) is a concrete
form of this idea, in which a small fraction of all dark matter has dis-
sipative dynamics causing it to cool into a disk within the Milky Way
galaxy. Double-Disk Dark Matter acts less like typical noninteracting
dark matter than like a new kind of ordinary matter, constituting an
invisible world that may be literally parallel to our own. 
The general scenario that we propose, Partially Interacting Dark
Matter (PIDM), is that a subdominant component of dark matter has
self-interactions. The more speciﬁc DDDM scenario that we focus on
assumes the existence of a massless (or nearly massless) U(1) gauge
boson that permits dissipative dynamics. This will generate observa-
tionally distinguishable dark matter consequences and in particular a
thin dark matter disk similar to the baryonic disk when an additional
light dark charged particle is present with sufﬁcient abundance. Even
though by assumption the dark matter is subdominant, the density
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Sf the interacting component in the disk could be much higher than 
he dominant diffuse dark matter that is spread throughout the halo 
nd could hence lead to stronger indirect signatures. These could 
nclude observations such as the recently reported Fermi line [ 3 , 4 ], 
hich is challenging to explain without signiﬁcant boost factors or 
uned scenarios (many of which are summarized in [ 5 , 6 ]). We will 
onstruct models that generate this signal to illustrate one possi- 
le consequence of DDDM, but the potential signatures span a much 
ider range of possibilities. Data will determine whether a richer dark 
atter sector does in fact exist. 
Because existing constraints are weak as we will see in Section 
 , the fraction of additional interacting dark matter is fairly uncon- 
trained so long as it is subdominant and nondissipative. When the 
ark matter does collapse into a disk, the constraint is stronger due 
o the Oort limit, which is a bound on the amount of matter in the 
icinity of our solar system. For many of the numerical results in this 
aper, we will assume that the energy fraction is at the Oort limit, 
ielding a fraction of the energy density comparable to but smaller 
han that of baryons. Because new forms of matter might be present 
t the weak scale, and because our scenario was motivated in part by 
he Fermi photon line, we will often assume a new interacting dark 
atter particle of mass near 100 GeV. Again, the scenario allows for 
 wide range of parameters and we consider this mass simply for 
peciﬁcity. 
Partially Interacting Dark Matter and the Double-Disk Dark Matter 
cenario that we focus on can potentially lead to other interesting 
onsequences. In future work we would like to explore the effect of 
his component on overall structure formation and on observations 
uch as gravitational lensing and detailed sky surveys. This scenario 
an also lead to an acoustic oscillation signature similar to that from 
aryons [ 7 ]. Detailed observations of the CMBR and galaxy correlation 
unctions should also detect or constrain DDDM. 
We note that other authors have proposed interesting scenarios for 
ark matter involving long range forces and bound states: the older 
dea of mirror matter [ 8 –14 ], recent work on dark matter charged 
nder a hidden U(1) [ 15 –17 ], and more recent work on dark atoms 
 18 –20 , 7 ]. In fact, all of these ideas were foreshadowed in much ear- 
ier work by Goldberg and Hall [ 21 ]. A few other scenarios including 
M without conserved particle number [ 22 ], dynamical dark matter 
 23 , 24 ], or DM interacting through long-range scalar forces [ 25 , 26 ]
nvolve very different physics but the same spirit of exploring non- 
rivial dark sector dynamics. Furthermore, the idea of self-interacting 
ark matter (SIDM) has been studied intensively as a possible solution 
o discrepancies between cold dark matter models and observations 
e.g., the cusp / core problem [ 27 , 28 ]), beginning with Refs. [ 1 , 29 ] (for
ecent progress see Refs. [ 30 , 31 ]). These scenarios are often very con- 
trained by observations of the halo and galaxy and galaxy cluster 
nteractions. The chief difference in our scenario is that the inter- 
cting component of dark matter is subdominant. We will see that 
uch a scenario is far less restrictive since galaxy shape constraints as 
ell as direct constraints on interactions rely predominantly on the 
xistence of a dominant noninteracting component. A subdominant 
omponent can interact and permit much richer dissipative dynamics 
nd that is what we consider below. 
We begin by explaining in Section 2 how current constraints can 
llow interesting amounts of interacting dark matter. In Section 3 we 
xplain that they also allow background dark radiation in the amount 
redicted by our model, which will be probed in the near future by the 
lanck satellite. In Section 4 we argue, using the tentative Fermi line 
s an example, that possible gamma ray line signals of dark matter 
nnihilation at the level probed by current observations are difﬁcult to 
xplain without a very large boost factor. In Section 5 , we show that it 
s possible for a subdominant species of dark matter to efﬁciently cool 
ithin the lifetime of the universe. We follow this with a discussion 
f the structure that forms as a result of cooling, the DDDM disk, in 
ection 6 . At this point, having established that a disk can form and estimated how much matter can lie in it, we are equipped to return 
to the issue of a boost factor for indirect detection, which we discuss 
(along with direct detection prospects) in Section 7 . Even if it does not 
provide such signatures, DDDM could exist and be detected through 
its gravitational effects. We conclude in Section 8 with an outline of 
the many exciting possibilities for future work on this subject. 
2. Constraining the amount of allowed DDDM abundance 
We deﬁne the fraction of the energy density in PIDM, compared 
to ordinary dark matter, as  ≡ P I DM DM . Furthermore, we expect the 
relative fraction of different matter components in the Milky Way 
is comparable to that in the universe as a whole. So we take  ≈
M 
gal 
P I DM /M 
gal 
DM where M 
gal 
P I DM is the total mass of PIDM in the galaxy 
and M 
gal 
DM is the total mass of all dark matter in the galaxy. In fact, 
in all likelihood the ratio can be bigger in terms of the total energy 
accounting, since our strongest bound is only on PIDM in disk form 
and only about a third of the baryons end up in the disk. For this case 
of DDDM, we denote the fraction of mass in the Milky Way ’ s disk by 
 ≡ M 
di s k 
D D D M 
M 
gal 
DM 
. (1) 
If DDDM is organized similarly to baryons, the total energy fraction in 
DDDM would be more like  ≈ 3 . But in most of the paper we will 
take  ≈  for simplicity. 
Current bounds on self-interacting dark matter arise from halo 
shapes and cluster interactions. So far such bounds have been cal- 
culated only for a single dark matter component, for which they can 
be quite constraining. Self-interactions lead to more spherical halos, 
especially in the inner region, where the density is higher and inter- 
actions are more frequent [ 29 , 30 ]. 
One bound of this type arises from the halo for the galaxy cluster 
MS 2137-23 [ 32 ], which is measured by gravitational lensing to show 
a 20% deviation from axial symmetry at radius 70 kpc from the cen- 
ter. Another bound comes from measurements of X-rays emitted by 
hot gas in the elliptical galaxy NGC 720 [ 33 ], showing 35% deviations 
from sphericity at distances of 5–10 kpc from the center. Roughly 
speaking, these bounds on SIDM exclude the possibility that a typi- 
cal dark matter particle has scattered at least once in the age of the 
universe. The time scale for a dark matter particle to scatter is 〈 n σv 
〉 −1 , with n = ρ/ m the number density of other dark matter particles 
it could interact with. Hence, the limits are typically expressed as a 
bound on cross section per unit mass, σ/ m . The inferred bound is 
approximately σ/m < ∼ 0 . 1 cm 2 / g ≈ 0 . 2 barn / GeV [ 31 ]. Such cross sec- 
tions are large by the standards of pointlike particles, but readily arise 
through long-range forces (for instance, Rutherford scattering has a 
1 / v 4 enhancement at low velocities, leading to large cross sections) or 
through large composite objects (e.g., atoms with Bohr radii a 0 ∼m −1 / 
α at weak coupling α, which have cross sections even larger than 4 πa 2 0 
[ 18 ]). In the case that all dark matter consists of a particle (and its an- 
tiparticle) charged under a massless U(1) gauge boson, these bounds 
have been studied in Refs. [ 16 , 17 ], which ﬁnd that because of the low- 
velocity enhancement of Rutherford scattering the bounds exclude a 
thermal relic abundance. In the case of composite dark atoms, the 
bounds have been studied in Refs. [ 18 , 7 ]. They exclude a portion of 
the parameter space, but less than in the fully ionized case, because 
atom / atom scattering is closer to a hard-sphere interaction without 
a long-range force. 
Such bounds do not directly apply to PIDM since a sufﬁciently 
small fraction of all matter could have extremely strong interactions 
without affecting observations at all. A conservative estimate of the 
allowed abundance of PIDM can be found using the recent halo shape 
analysis of Ref. [ 31 ], which corrects certain deﬁciencies in earlier 
analyses and argues that σ/ m = 1 cm 2 / g is ruled out by the X-ray 
observations of NGC 720 but that σ/ m = 0.1 cm 2 / g is allowed by all 
current bounds. Fig. 5 of Ref. [ 31 ] shows that 20–30% deviations from 
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 spherical symmetry, as observed in data, are compatible with all dark
matter particles scattering a few times in the age of the universe. In
that case, 10% of all the DM would have scattered 10 times or more.
PIDM—which will scatter multiple times and form denser structures—
together with 90% ordinary dark matter with no interactions at all,
will leave the halo triaxial. Numerical simulations should be done
to quantify these statements more carefully and produce a deﬁnite
bound, but we summarize by saying that halo shapes are compatible
with 10% of the dark matter having arbitrarily strong interactions if the
other 90% does not interact at all. Even more may be allowed. One rea-
son that this is plausible is that we already know that 15% of all matter
interacts strongly and forms dense structures not captured by simu-
lations of dark matter halos, without violating the constraints from
observation: we refer, of course, to ordinary baryonic matter. In fact,
it is argued that baryon condensation at the center of the halo could
improve the agreement between observations of halo shape and cold
DM simulations [ 34 –37 ]; DDDM could have a similar, numerically
smaller, effect. 
Observations of the Bullet Cluster have also set bounds on dark
matter self-interactions [ 38 , 39 ], which for SIDM have been argued
to be weaker than those from halo shapes [ 17 , 31 ]. They are, how-
ever, more readily interpreted as a bound on PIDM than the halo
shape bounds. In the Bullet Cluster, two merging clusters have led
to separation between collisional material (hot gas) and collisionless
material (stars and ordinary dark matter). The mass of dark matter in
the subcluster with stars (inferred from gravitational lensing) leads
to the conclusion that no more than 30% of the dark matter has been
lost to collisional effects. Thus we expect that, if the bulk of dark
matter is completely collisionless, the Bullet Cluster bound tells us
that a subdominant component making up 30% of all dark matter
can have arbitrarily strong self-interactions. It would be left behind
with the gas, without changing the lensing observation that tells us
the dominant component of dark matter moved with the collisionless
stars. 
In fact, the most stringent PIDM abundance constraint arises only
when there is dissipation and a disk is formed. In that case, stel-
lar velocities in and out of the plane of the galaxy yield stronger
bounds. Such velocity distributions offer interesting prospects for re-
constructing the galaxy ’ s gravitational potential and hence inferring
the distribution of matter within it. The most relevant bounds to date
come from the Oort limit, i.e. the inferred local density of matter near
the Sun from observations of nearby stars. A recent determination
that the local dark matter density is 0.3 ± 0.1 GeV / cm 3 [ 40 ] relied
on the kinematics of stars between 1 and 4 kpc above the galactic
plane. Another recent determination obtained a similar, but slightly
larger, density 0.43 ± 0.11 ± 0.10 GeV / cm 3 [ 41 ]. Older results were
based on stars within 100 pc of the Sun, surveyed by the Hipparcos
satellite, and another sample of stars extending out to 1 kpc [ 42 , 43 ].
In the presence of a possible dark disk [ 44 ] these observations were
estimated to be consistent with a local dark matter density between
0.2 and 0.7 GeV / cm 3 [ 43 ]. For our purposes, the most convenient form
of the bound is the constraint on the surface density measured below
a height z 0 , which is deﬁned by: 
	 ( | z | < z 0 ) ≡
∫ z 0 
−z 0 
ρ ( z ) dz . (2)
	 is approximately equal to the vertical gradient of the gravitational
potential, (2 πG N ) 
−1 ∂ z , which determines the vertical acceleration of
stars. As quoted in [ 43 ], the total surface density inferred from stellar
kinematics is 	tot (| z | < 1.1 kpc) = 71 ± 6 M / pc 2 . The surface density
inferred from visible baryonic matter (stars, stellar remnants, and
interstellar gas) is 	vis = 35–58 M / pc 2 . We interpret the difference
between these numbers as an approximate measure of the amount
of DDDM allowed by data. The ranges are one sigma error bars, from
which we conclude that at 95% conﬁdence level the amount of surfacedensity in nonbaryonic matter is 
	dark ( | z | < 1 . 1 kpc ) < ∼ 46 M / pc 2 . (3)
For the distribution of matter within the disk we use the isothermal
sheet model (see e.g., Section 11.1 of Ref. [ 45 ]). If the total mass
of DDDM in the galactic disk is M 
gal 
DM , we approximate the volume
distribution of DDDM as 
ρ ( R, z ) = M 
gal 
DM 
8 π R 2 d z d 
exp ( −R/R d ) se c h 2 ( z/ 2 z d ) . (4)
Here z parameterizes height above the midplane of the disk, while R is
the radial direction within the disk. We assume the DDDM disk has a
scale radius comparable to that for baryons, R d ≈3 kpc [ 46 ]. The value
of R relevant for the measurements is the distance of the Sun from the
galactic center, about 8 kpc. We will discuss the expected values of
the disk scale height z d in Section 6 . For now, we only need to assume
z d 	1.1 kpc, in which case the surface density does not depend on z d :
	di s k ( | z | < 1 . 1 kpc ) = 
M 
gal 
DM 
2 π R 2 d 
exp ( −R/R d ) . (5)
Given this functional form, from the the surface density bound, Eq.
(3) is a constraint on the fraction of all the dark matter that is allowed
to be in a thin disk: 
 < ∼ 0 . 05 . (6)
This is a key result of our paper: the mass of the DDDM disk can be
on the order of ﬁve percent of the total mass of the Milky Way. Up to
order-one uncertainties, this means the mass of the DDDM disk can
be as large as the mass of the baryonic disk, and that DDDM can carry
comparable energy density to ordinary baryonic matter. It will be very
interesting to explore whether improved measurements could detect
new structures like DDDM disks. For instance, the ambitious plans
of the Gaia satellite (see [ 47 ] and references therein) to produce an
extensive map of the kinematics of a billion objects in the Milky Way
could lead to a powerful probe of dark structures within the galaxy. 
Other bounds can in principle arise from bounds on compact ob-
jects. Once a sufﬁciently cold disk has formed, further structure can
develop within the disk. Depending on details of DDDM chemistry
and molecular cooling that are difﬁcult to calculate, these structures
could range from large gaseous clouds down to “DDDM non-nuclear-
burning stars” that radiate dark photons as the matter within them
annihilates. We can estimate the size of large clouds that form within
the cold disk based on the Jeans mass, where we treat the clouds as a
monatomic gas with sound speed 
√ 
5 T 
3 m 
: 
M J = π
6 
(
5 πT 
3 G  N m 
)3 / 2 (1 
ρ
)1 / 2 
≈ 10 5 M 
(
100 GeV × T 
m × 10 4 K 
)3 / 2 √ 1 GeV / cm 3 
ρ
. 
(7)
Of course, once clouds above the Jeans mass begin to collapse, atomic
and molecular cooling processes could lead to formation of much
smaller structures. 
We summarize existing bounds on MACHOs (Massive Compact
Halo Objects). For the largest structures above 10 6 M , constraints
arise from heating of the disk by gravitational scattering of stars on
MACHOs [ 48 ]. For structures above about 100 M , including Jeans-
scale clouds, the best constraints arise because MACHOs could disrupt
wide binary star systems [ 49 ]. Smaller objects below 100 M  are con-
strained by microlensing surveys such as MACHO, EROS, and OGLE.
These surveys are reviewed in Ref. [ 50 ] and some of their implications
for dark matter are discussed in Ref. [ 51 ]. Observations have looked
toward the Magellanic clouds, which are at relatively high galactic lat-
itude and not likely to constrain DDDM. Other observations toward
the galactic center could be more interesting. In the case of ordi-
nary dark matter distributed throughout the halo, for a wide range
142 J. Fan et al. / Physics of the Dark Universe 2 (2013) 139–156 
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df masses the MACHO bounds exclude the possibility that more than 
0–15% of the halo consists of objects of a given mass [ 49 ]. However, 
e have to be careful when applying these bounds to DDDM, since 
ompact DDDM objects are localized in a disk that can be thinner than 
he baryonic disk and furthermore is unlikely to be precisely aligned. 
herefore the limits on larger objects that derive from the interaction 
f baryonic matter and dark matter, even if purely gravitational in- 
eractions are assumed, need not apply. For objects smaller than the 
DDM Jeans mass, we clearly cannot say anything without a more 
etailed understanding of substructure. 
We conclude that while MACHO-type bounds might ultimately 
etect or constrain our scenario, there is no hard limit at present. The 
ort limit is easier to interpret as a bound on DDDM, and we take it 
s our sole constraint on . Perhaps future work on compact DDDM 
bjects, together with new analyses of existing data, could lead to 
tronger bounds or detection prospects. 
. Early thermal history (before structure formation) 
For the purposes of this paper, we consider a simple PIDM model, 
ith a new abelian gauge group U(1) D , with ﬁne structure constant 
D , interacting with two matter ﬁelds: a heavy fermion X and a light 
ermion C (for “coolant,” as we will see in Section 5 ), with opposite 
harges q X = + 1 and q C = −1 under U(1) D . Of course, one could also 
onsider the case that X and C are scalars. An interesting generaliza- 
ion that we will discuss brieﬂy is the possibility that the new gauge 
roup is nonabelian, SU( N ) D , with X in the fundamental and C in the 
ntifundamental representation. In the nonabelian case we make a 
elf-consistent assumption that the conﬁnement scale is far below 
he temperatures relevant for the phenomena we study. (In the SU(2) 
ase, one can introduce a global symmetry to play an analogous role 
o the distinction between fundamental and antifundamental repre- 
entations.) 
In this section we will discuss the thermal history of the dark 
ector, including the amount of dark radiation and the abundance of 
X, X and C , C particles. The result is that the predicted dark radiation 
s allowed by current bounds on the number of relativistic degrees 
f freedom at the time of BBN and of the CMB, but large enough that 
lanck can see an interesting signal. 
We will also show that the thermal relic abundance of X and X can 
e of the order of the Oort limit, comparable to baryon density. This 
elic symmetric population of X and X can annihilate and provide 
n indirect detection signal. However, the light particles C and C 
nnihilate away efﬁciently in the early universe. We therefore have 
he additional requirement that there is a nonthermal asymmetric 
bundance of X and C that survives to late times, analogous to the 
onthermal abundance of protons and electrons in the SM. 
.1. The temperature of the dark sector 
The light degrees of freedom in our scenario introduce constraints 
or possible signatures) since at early times they were relativistic 
nd affected the expansion rate of the universe. At the time of BBN, 
he thermal bath of dark photons and also of the light species C , C 
ill add to the total amount of relativistic energy density. At the 
ime of last scattering in the visible sector, only the dark photons 
ill be relativistic. The bounds from BBN and the CMB on relativistic 
egrees of freedom are usually phrased in terms of the number of 
ffective neutrino species, so we will now calculate the expected 
umber of effective neutrino species present in our model, assuming a 
ufﬁciently high decoupling temperature that we justify in Appendix 
 . 
Suppose that, at early times, the DDDM sector and the Standard 
odel were in thermal equilibrium. After decoupling, the entropy 
ensity should be separately conserved in the visible and dark sectors. This means that 
g dec ∗s,D 
g ∗s,D ( t ) ξ( t ) 3 
= g 
dec 
∗s , v is 
g ∗s , v is ( t ) 
(8) 
with ξ ≡ ( T D / T vis ) and g *s the effective number of degrees of freedom 
contributing to entropy density. The subscript D refers to dark sec- 
tor degrees of freedom. Note that ξ is, in general, a time-dependent 
quantity, as (for example) the visible sector temperature will increase 
relative to the dark sector temperature whenever visible degrees of 
freedom decouple from the thermal bath. Suppose that decoupling 
of the hidden and visible sectors occurs at temperatures below the 
W mass but above the b -quark mass, which is the case if all the me- 
diator particles have weak-scale masses. At this time, g dec ∗s , v is = 86 . 25. 
The dark plasma, at this time, will contain the dark photons and C , C 
particles, leading to g dec ∗s,D = 2 + 7 8 × 4 = 5 . 5. It is also interesting to 
consider the generalization to an SU( N ) dark sector with C in the fun- 
damental representation, for which g dec ∗s,D ( N) = 2( N 2 − 1) + 7 2 N . In the 
visible sector, at the time of BBN we take g B B N ∗s,D = 10 . 75, while we ex- 
pect the dark sector degrees of freedom to be unchanged. This leads 
to 
ξ ( t B B N ) = 
(
10 . 75 
86 . 25 
)1 / 3 
≈ 0 . 5 . (9) 
The number of additional effective neutrino species is determined by 
g ∗s,D ξ4 ( t B B N ) = 7 8 × 2 × N B B N ef f ,ν , leading to: 
N B B N ef f ,ν = 0 . 20 f or U ( 1 ) D and 
N B B N ef f ,ν = 0 . 07 N 2 + 0 . 12 N − 0 . 07 f or SU ( N ) D . 
(10) 
Numerically, N B B N ef f ,ν is 0.46 in the SU(2) D model, 0.94 in the SU(3) D 
model, and 1.56 in the SU(4) D model. Ref. [ 52 ] derives a conservative 
bound on extra-degrees of freedom during BBN, 
N B B N ef f ,ν < 1 . 44 at 95% C . L  ., (11) 
so the U(1) D model is easily safe. The SU( N ) D model satisﬁes the bound 
for N ≤4, with N = 4 barely outside the 95% conﬁdence region but 
easily inside if we assume decoupling at temperatures above the top 
quark mass when g dec ∗s , v is = 106 . 75. For an alternative point of view, 
we can relax our assumption about the decoupling temperature and 
ask: for what value of g dec ∗s , v is is the BBN constraint saturated? It turns 
out that as long as 
g dec ∗s , v is > 19 . 3 (12) 
the bound is satisﬁed for the abelian model. This is the number of 
degrees of freedom when T dec vis ≈ 200 MeV. 
An equally signiﬁcant bound on the number of radiation degrees of 
freedom comes from the CMB. A recent analysis of 9 years of WMAP 
data [ 53 ] combined with the terrestrial experiments SPT [ 54 ] and 
ACT [ 55 ] and baryonic acoustic oscillations constrains N CMB ν < 1 . 6 
at 95% C.L. Very recently, the Planck Collaboration has published a 
stronger bound [ 56 ]: 
N CMB ν < 1 . 0 at 95% C . L  ., (13) 
using the “Planck + WP + highL + H 0 + BAO” result in which the 
Hubble scale ﬂoats in the ﬁt. At the time of last scattering in the 
visible sector, we have g CMB ∗s , v is = 3 . 36 (from photons and the colder 
neutrinos) and g CMB ∗s,D = 2 (from dark photons) or 2( N 2 − 1) (in the 
nonabelian case). At this time the temperature ratio is 
ξ = 
(
5 . 5 
2 
× 3 . 36 
86 . 25 
)1 / 3 
≈ 0 . 5 f or U ( 1 ) D , 
ξ = 
⎛ 
⎝ 2 
(
N 2 − 1 
)
+ 7 2 N 
2 
(
N 2 − 1 ) × 3 . 36 86 . 25 
⎞ 
⎠ 
1 / 3 
f or SU ( N ) D , 
(14) 
Robustly, if the two sectors are in thermal equilibrium near the 
weak scale, we expect the dark photon temperature to be around 
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Fig. 1. αD that yields a thermal relic abundance of X, X that is a 5% fraction of the total 
DM density for different m X . 
Fig. 2. Above the curves, the recombination rates are larger than the Hubble rate, lead- 
ing to X X annihilation that depletes the abundance of the symmetric relic component. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 half the visible photon temperature. Alternative cosmologies, for in-
stance with decoupling at much higher temperatures below which
many new visible-sector degrees of freedom exist, could allow much
smaller ξ , but we will generally take ξ ≈0.5 throughout the paper. 
The temperature of dark recombination (formation of dark atoms
from X and C ions) is about a factor of ten below the binding energy
B XC ∼ α2 D m C . Large αD suppresses the thermal relic abundance of X, X
and larger m C prevents efﬁcient cooling, as we will see in Section 5 .
Hence, we favor parameter space at small B XC where recombination
in the dark sector doesn ’ t happen until after last scattering in the
visible sector. This means that when the CMB is formed, dark photons
are interacting with the dark ﬂuid of X and C particles, with a speed
of sound slightly less than, but of order, c/ 
√ 
3 . Much as for ordinary
baryons, there will be dark acoustic oscillations and other effects
from this nontrivial coupling of radiation to matter. Although not
entirely correct since the additional degrees of freedom in our model
are not yet free streaming, we interpret the bound on the number of
effective neutrino species as a bound on free dark photons, ignoring
the coupling to the ﬂuid. We expect that, because the sound speed is
of order the speed of light, this will be a good approximate guideline
to whether the theory is allowed by the current data. It will be very
interesting to do a more careful analysis that can distinguish this
scenario. 
The number of additional effective neutrino species is determined
by g ∗s,D ξ4 ( t CMB ) = ( 4 11 ) 
4 / 3 × 7 8 × 2 × N CMB ef f ,ν , leading to: 
N CMB ef f ,ν = 0 . 22 f or U ( 1 ) D , 
N CMB ef f ,ν = 4 . 4 
(
N 2 − 1 
)
ξ4 f or SU ( N ) D . 
(15)
Numerically, N CMB ef f ,ν is 0.49 in the SU(2) D model, 0.91 in the SU(3) D
model, and 1.45 in the SU(4) D model, so the bound is satisﬁed for
N < 4. In the abelian model, if we ask what value of g dec ∗s , v is saturates
the CMB bound, we ﬁnd it is 
g dec ∗s , v is > 28 . 1 , (16)
a slightly tighter bound than we derived from BBN. Thus, the abelian
model is allowed provided the two sectors decoupled at tempera-
tures above the QCD phase transition. The SU( N ) D is allowed for N ≤4,
and predicts sizable deviations in the number of effective neutrino
species. Further analysis of Planck data in combination with other
experiments may help to clarify the number of relativistic species
at the time of the CMB [ 57 –59 ]. Improved measurements of N CMB ef f ,ν
will also come from ACTpol [ 60 ] and SPTpol [ 61 ]. Finally, we note
that related comments on the number of allowed dark gauge bosons
appeared recently in Ref. [ 62 ]. 
3.2. Relic abundance of X and C 
Having considered the relic radiation, we now consider the relic
abundances of X and C . The thermal relic abundance of particles
charged under a hidden U(1) D has been discussed in Refs. [ 15 –17 ].
Depending on whether the mediator particles coupling X to the Stan-
dard Model thermal bath are heavier or lighter than X , the dark sector
may be at precisely the same temperature as the SM when X freezes
out, or as we saw in the previous subsection it could have about half
the Standard Model temperature if the two sectors have decoupled.
In Fig. 1 , we have plotted the curve in the ( m X , αD ) plane which pre-
dicts  = 0.05 for the thermal relic abundance of X and X , assuming
the SM and the hidden sector are still at the same temperature at
the time of X decoupling. The relic abundance was calculated via the
standard analytic formula (Eqs. (33) and (34) in Ref. [ 15 ]). Taking the
hidden sector to be at half the SM temperature leads to slightly lower
values of αD . Values of αD below the line in Fig. 1 lead to a large relic
abundance that violates the Oort limit discussed in Section 2 , whereas
larger values of αD are allowed only with a nonthermal mechanism
for generating more X particles. Fig. 1 clearly shows that we can achieve a relic density of X and X
particles that saturates the Oort bound for reasonable values of the
coupling αD . It is possible that the relic density estimated at freezeout
is later decreased by two processes with similar rates: Sommerfeld-
enhanced annihilation of X and X at low temperatures and recom-
bination into X X bound states which annihilate away. Using the re-
combination rate given in [ 63 , 17 ], we plot in Fig. 2 the curves rec = H
for particular choices of visible and dark sector temperatures. These
show that recombination and subsequent annihilation of X X bound
states does not wash out the abundance of X, X for αD 
< ∼ 0 . 01 and
m X 
> ∼ 1 GeV. 
The light species C with m C 	 m X freezes out at much later times,
and has a much larger annihilation rate than the heavy species, by
a factor ( m X / m C ) 
2 . As a result, the thermal relic number density of C
is much smaller than that of X , by a factor m C / m X . This means that
we expect any symmetric component of C and C to annihilate away
almost completely at dark sector temperatures a factor of 20 below
the C mass. The existence of light C particles is crucial to dissipative
dynamics, as we will see in detail in Section 5 . This means that only
a nonthermal mechanism for producing C particles can be consistent
with dissipative dynamics. 
We assume asymmetric nonthermal abundances of DDDM, in
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Fig. 3. Fixing ( σv )( φφ → γ γ ) = 10 −27 cm 3 s −1 , λφS = 1 and m φ = 130 GeV, the boost 
factor B needed to generate a signal that current Fermi line search is sensitive to. hich we have a net C number n C − n C = 0. The universe should 
e charge symmetric and this means that there should also exist an 
symmetry in X , n X − n X = n C − n C . We assume that n X = n C = 0 at
ate times, whereas X and C survive. The idea of asymmetric dark mat- 
er has inspired many proposals for how the dark matter and baryon 
bundances may be related [ 64 –74 ], and similar considerations could 
xplain the amount of DDDM. We expect for reasonable parameters 
hat the asymmetric abundance of X and C will be supplemented with 
 relic symmetric population of X and X , allowing for the prospect 
f interesting indirect detection signals when X and X annihilate to 
tandard Model particles. 
It is possible that other nonthermal scenarios could leave a sym- 
etric population of C and C that survives to late times. For instance, 
ate-decaying dark sector particles could produce additional C parti- 
les after thermal freezeout of C . However, even these late-produced 
 particles could annihilate at temperatures below B C C = α2 D m C / 4, 
hrough Sommerfeld-enhanced annihilation or recombination. One 
ay to prevent this would be if they were ﬁrst bound up into dark 
toms with X , which have a larger binding energy and might protect 
he C particles from annihilation. However, recombination of XC dark 
toms is much slower than naively expected, because one dark atom 
an be ionized by the dark photon emitted when another dark atom 
s formed. This is analogous to what happened for ordinary hydrogen 
n our universe [ 75 ]. It has been studied for dark atoms in Refs. [ 18 , 7 ].
he result is that C C annihilation would always be much faster than 
he sequestering of C particles inside dark atoms with X . 
A loophole arises in the case of nonabelian gauge theories. In that 
ase, the dark gluon emitted by formation of one dark atom could 
onize another dark atom, but it could also ﬁrst encounter another 
ark gluon and scatter off it. In the process, one of the two dark gluons 
oses energy. Because the number of formed atoms and the number 
f dark gluons emitted in recombination must be equal, we expect an 
rder-one fraction of dark gluons can lose energy and thus become 
oo soft to ionize a dark atom. This could allow the C and C particles to 
e stored in tightly-bound XC and X C bound states, possibly allowing 
n interesting symmetric abundance of C , C to survive to late times 
nd contribute to cooling. A full numerical analysis of this rather 
omplicated cosmology is beyond the scope of this paper. 
Because the cosmology in which we simply assume an asymmetric 
omponent of X and C is simpler, through most of the paper we will 
ssume asymmetric dark matter. 
. The Fermi line and other indirect detection signals 
The DDDM scenario was motivated in part by the observation of 
amma-ray line emission at about 130 GeV (135 GeV after energy re- 
alibration) in the galactic center using 3.7 years of Fermi-LAT data 
 3 , 4 , 76 , 77 ]. The signal has also been claimed to exist in galaxy clusters
 78 ]. The observation is not decisive, and certain features in the data 
uggest it could very well be an instrumental effect [ 79 –82 ]. Nonethe- 
ess, the suggestion serves as a concrete example where a possible 
nhancement of an indirect signal inherent in our scenario could be 
ritical. In fact, any high-energy gamma ray line observable in the near 
uture and consistent with continuum bounds would require similar 
henomenology. Furthermore, a large ﬂux of high-energy electrons 
nd positrons recently observed in cosmic rays by PAMELA and sub- 
equent experiments [ 83 –87 ] also requires large boost factors to ex- 
lain in terms of dark matter annihilation [ 88 ] (though it is plausibly 
ue to pulsars). This shows that, even apart from the speciﬁc case of 
he Fermi-LAT line, it is very interesting to consider general mecha- 
isms that can produce large boost factors. We will see in this paper 
hat boost factors as large as 10,000 are conceivable for DM of mass 
30 GeV with U(1) D coupling in the range to give the right thermal 
elic density. The large astrophysical enhancement we ﬁnd will be due 
o a very thin dark matter disk. In modiﬁed models, related enhance- 
ents could explain boost factors needed for PAMELA or a possible AMS signal [ 89 ] as well. 
We ﬁrst consider the required signal enhancement in the context 
of a simple model in which DM, φ and the new charged particles S are 
all scalars. 
−L ⊃ λφS | φ| 2 | S | 2 + m 2 S | S | 2 + λS | S | 4 + m 2 φ | φ| 2 + λφ | φ| 4 , 
in which φ is charged only under U(1) D and S has charge 1 under the 
usual U(1) EM . One could also consider models with fermionic DM. In 
that case, to avoid kinetic mixing between U(1) D and U(1) EM [ 90 ], one 
could design a resonant annihilation model where DM annihilates 
through an intermediate boson and a U(1) EM charged particle loop 
to two photons, although anomaly-like constraints on charge assign- 
ments can make such models safe (as explained in Appendix A ) even 
when a particle is charged under both U(1)s. 
The observed photon line could be consistent with DM particles 
annihilating at one loop to γ γ with an unexpectedly large cross sec- 
tion of order 〈 σv 〉 ∼10 −27 cm 3 s −1 . In our example model, the cross 
section of the DM annihilation to diphotons would be 
σv φ† φ→ γ γ = 
B 
32 π3 m 2 φ
∣∣∣αλφS τ−1 φ A 0 ( τφ) ∣∣∣2 , (17) 
where B is the boost factor which could either come from microscopic 
physics such as Sommerfeld enhancement, which we will discuss in 
this section, or from astrophysics, such as the density enhancement 
we will discuss in the following sections. Here 
A 0 ( τ ) = −τ + τ2 f 
(
τ−1 
)
with τφ = m 2 S /m 2 φ, (18) 
f ( x ) = arcsin 2 √ x . (19) 
(For m S < m φ , it is necessary to analytically continue f ( x ).) Demanding 
( σv )( φ† φ → γ γ ) = 10 −27 cm 3 s −1 and ﬁxing λφS = 1, one can derive 
the required B for a given m S . The result is presented in Fig. 3 . Thus 
to explain the line, without relying on large couplings and tuning 
m S to be close to the DM mass, one needs a huge boost factor. It is 
also difﬁcult to make this scenario consistent with a thermal relic 
abundance. The observed σv to photons is too small, leading to an 
overabundance of φ if this is the only annihilation channel. But adding 
larger annihilation channels, such as φ† φ → W + W −, is typically in 
tension with the absence of an observed gamma ray continuum. One 
possible explanation is if S is slightly heavier than φ, so that φφ† → SS † 
can be an important annihilation mode in the thermal environment 
of the early universe, but is impossible today [ 91 , 6 ]. 
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 For DM charged under an unbroken U(1) D , there is indeed an en-
hancement, the Sommerfeld enhancement, 
S = 2 παD Q 
2 
D /v 
1 − e −2 παD Q 2 D /v 
, (20)
where v is the DM velocity. However for αD Q 
2 
D ≤ 0 . 1 and v ≈10 −3 ,
S ≤1000. If one ﬁxes the DM thermal relic Ωh 2 to be 0.11, αD Q 2 D ≈
3 × 10 −3 , S ≈20. Thus Sommerfeld enhancement itself is not sufﬁcient
enough to get the desired annihilation cross section. 
In what follows, we will see that enhanced density from DDDM
could be sufﬁcient to generate such a large boost factor. Of course the
precise value for the boost will depend on the precise parameters of
the dark matter candidate (and some as-yet-unknown astrophysics)
as we discuss below. 
5. Cooling 
The enhanced signals we discuss arise as the result of the interact-
ing component of dark matter collapsing into a disk. We now consider
when and how this can occur. This is equivalent to the question of
when cooling is sufﬁciently quick to allow for collapse, so we now
investigate the question of how interacting dark matter can cool. 
The cooling has many features in common with ordinary baryonic
matter. DDDM ﬁrst adiabatically cools through the expansion of the
universe. As with baryons during the formation of a galaxy, the in-
teracting dark matter will already be present (in the primordial over-
dense region that seeds an early galaxy halo or in progenitor halos that
merge into a larger galaxy) and will also accrete onto the galaxy from
the intergalactic medium. After virialization through shock heating,
baryons cool from different processes: atomic and molecular inter-
actions, Compton cooling, and bremsstrahlung radiation. All of these
require light electrons in order to have a sufﬁciently rapid rate. 
The same mechanisms will be required for DDDM: cooling occurs
sufﬁciently rapidly only when a light particle is present that also
interacts under the dark U(1) (or more generally, whatever force is
relevant). Therefore at the time of the initial accretion, part of the
DDDM might be bound into atomic-like states of heavy and light dark
matter. As discussed in the previous section, for instance, the simplest
model is an asymmetric population of X and C , which like ordinary
hydrogen can form bound states in the early universe with some
residual ionization (as calculated carefully in [ 7 ]). A relic population
of X and X may also survive, so the initial conditions will involve
a mix of dark atoms and dark ions. However, as we will now see
that shock heating will destroy any initially bound atoms, we can
consider cooling in this section without determining the exact fraction
of bound states in the very early universe. 
As dark atoms fall into the overdense region, their gravitational
potential energy converts to kinetic energy. Initially they are quite
cold, but when falling into the galactic center, particles slow down as
they encounter other infalling particles, forming a shock wave which
expands outward, containing pressure-supported gas inside [ 92 , 93 ].
This shock-heating process converts the kinetic energy of the DDDM
gas to thermal energy at the virial temperature, 
T vir = G  N Mμ
5 R vir 
≈ 8 . 6 keV M 
M 
gal 
DM 
μ
100 GeV 
110 kpc 
R vir 
. (21)
where M stands for the mass of the virial cluster and μ= ρ/ n is
the average mass of a particle in the DDDM gas. We have taken a
ﬁducial value for the mass of dark matter in the Milky Way galaxy,
M 
gal 
DM = 10 12 M . This is reasonable since the initial density pertur-
bation induces gravitational collapse in the dominant dark matter
component for which neither baryons nor the subdominant interact-
ing dark matter should be very relevant. Note that for a virial cluster
of the same mass and radius, DDDM will be much hotter than bary-
onic matter, with a temperature enhanced by ∼m X / m p . The bindingenergy of the ground state of the dark atom is 
B XC ≡
α2 D m C 
2 
, (22)
less than or of order the binding energy of ordinary hydrogen, so
we expect T vir  B XC . At these temperatures the DDDM in the virial
cluster will be completely ionized, even if it had recombined into dark
atoms or dark molecules before virialization. Hence we can start off
thinking of free X and C particles. 
The same cooling processes that apply to baryons potentially ap-
ply to DDDM. An ionized dark plasma in the virial cluster can be
cooled through bremsstrahlung and Compton scattering off back-
ground dark photons. Compton scattering is more efﬁcient at larger
redshift, when the dark photon background was hotter. Based on the
results of Section 3.1 , we take the dark photon temperature to be
T D ≈0.5 T CMB . (This is the temperature of the dark cosmic background
photons, which is to be distinguished from the temperature of X and
C particles in the galaxy, T vir .) The timescale of the bremsstrahlung
cooling is 
t b re m ≈ 3 
16 
n X + n C 
n X n C 
m C T vir 
α3 D 
≈ 10 4 yr 
√ 
T vir 
K 
cm −3 
n C 
(
αEM 
αD 
)3 (m C 
m e 
) 3 
2 
, 
(23)
where in the second line, we assume n X = n C for simplicity. At the
end of the section, we will relax this assumption. This time should be
compared to the age of the universe in order to show that the cluster
efﬁciently cools down. The timescale for cooling through Compton
scattering is 
t Co mpto n ≈ 135 
64 π3 
n X + n C 
n C 
m 3 C 
α2 D 
(
T 0 D ( 1 + z ) 
)4 
≈ 4 × 10 12 yr n X + n C 
n C 
(
αEM 
αD 
)2 ( 2 K 
T 0 D ( 1 + z ) 
) 4 (
m C 
m e 
)3 
, 
(24)
where T 0 D is the current dark CMB temperature and z is the redshift. In
Fig. 4 at left, we show contours in the plane of m C and redshift along
which the bremsstrahlung and Compton cooling rates are equal, for
different choices of αD . Because the Milky Way galaxy was starting
to form before z = 2, Compton cooling of DDDM would be impor-
tant within the Milky Way at early times. Compton scattering could
also be important for smaller αD and m C . We illustrate this in the
right-hand plot of Fig. 4 , which shows the contours in the ( m C , αD )
plane along which the two rates are equal and along which the faster
rate equals the age of the universe. As the dark photon background
cooled, bremsstrahlung would have become increasingly important.
We use the generic term t cool for whichever time scale is shorter:
t cool = min ( t brem , t Compton ). 
In order to verify that bremsstrahlung or Compton scattering leads
to cooling, we ﬁrst make some consistency checks. The emitted dark
photons must escape from the galaxy and carry away energy with-
out being reabsorbed. The primary process by which a dark photon
would interact is through scattering with a light C particle, so we can
approximate the photon ’ s mean free path by 
 = 1 
σT n C 
= 3 m 
2 
C 
8 πα2 D n C 
≈ 1 . 5 × 10 8 kpc , (25)
where we have used the Thomson cross section for γ D –C scattering
with αD = α, m C = m e , and m X = 100 GeV while assuming equal X and
C number densities at  = 0.05 and a virial radius of 110 kpc, namely 
n X = n C ≈ 3 . 3 × 10 −6 cm −3 
(
100 GeV 
m X 
)
. (26)
The long mean free path shows that photons readily escape the galaxy
at early times. Furthermore, because  ∼ 10 6 R vir , photons will con-
tinue to escape even if the initial DDDM distribution collapses by a
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Fig. 4. Comparison of the rates of bremsstrahlung and Compton cooling. At left: the value of m C for which the rates are equal, as a function of redshift. To the right of the curves, 
i.e. at early times, Compton cooling dominates. At right: the contour in the ( m C , αD ) plane along which the bremsstrahlung cooling rate equals the Compton cooling rate (black 
dashed line) and the contour along which the cooling rate equals the age of the universe (solid purple line). This shows that Compton cooling is the dominant effect at small m C 
and αD , while bremsstrahlung dominates for larger values. In both plots, we have taken an NFW virial cluster of radius 20 kpc. (For interpretation of the references to color in this 
ﬁgure legend, the reader is referred to the web version of this article.) 
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aactor of 10 18 in volume. This is sufﬁcient to allow a disk to form, es- 
ecially considering that once the DDDM assumes a disk-like shape, 
hotons can escape more efﬁciently through the thin direction of the 
isk. 
We also need to check that both light and heavy particles 
ould cool. When light particles scatter on heavy particles and emit 
remsstrahlung photons, it is mostly the light particles that lose en- 
rgy. Similarly, Compton scattering is dominantly scattering of the 
ight particles on dark background photons. However, if heavy and 
ight particles remain thermally coupled, the cooling of the light par- 
icles is sufﬁcient. 
Thermal coupling occurs when the rate for Rutherford scattering 
f the light particles on the heavy particles exceeds the cooling rate. 
n this case, the heavy particles cool adiabatically, with scattering 
eeping the light and heavy species in in kinetic equilibrium [ 94 , 95 ]. 
he timescale for this equilibration process is 
t eq = m X m C 
2 
√ 
3 πα2 D 
( E C /m C ) 
3 / 2 
n C log 
(
1 + v 
4 
C m 
2 
C 
α2 D n C 
)
= 4 . 3 × 10 4 yr 
(
α
αD 
)2 ( m X 
1 GeV 
) 5 
2 
(
m e 
m C 
) 1 
2 cm −3 
n C 
10 
log 
(
1 + v 
4 
C m 
2 
C 
α2 D n C 
) , 
(27)
here E C is the kinetic energy of the light species; in the second line, 
e take E C / m C = 3 T vir / m C . In part of our parameter space, t eq 	 t cool 
nd the light and heavy species cool adiabatically together. 
Rutherford scattering has a 1 /v 4 C enhancement, but when m X / m C 
s very large, in a thermal system v C is not small. Thus for large m X / m C ,
s well as in the region of parameter space where αD is very small, 
he equipartition time from two-body scattering processes is not suf- 
cient to cool the heavy particles. In this case, we expect cooling 
hould still occur but that cooling involves nonequilibrium physics, 
t least initially. If the light particles contract as they cool, while the heavy particles are unaffected, a charge separation would occur be- 
tween the larger cloud of X particles and a smaller cloud of C particles. 
This wwould produce dark electric ﬁelds that pull the X particles in. 
It would be interesting to simulate or model more completely the 
resulting dynamics, but it seems inevitable that, since cooling con- 
tinues to rob the system of kinetic energy, eventually both X and C 
will cool. As they contract into smaller volume, larger values of n X , C 
make Rutherford scattering more efﬁcient, and the cooling process 
will eventually be describable again by equilibrium physics. 
Hence, we work under the hypothesis that whenever the cooling 
time scale t cool is less than the age of the universe, cooling occurs. 
At this point we should mention one further subtlety: equipartition 
will speed up the light particles relative to the heavy ones by a factor √ 
m X /m C , and so for sufﬁciently small m C we should use the formula 
for relativistic bremsstrahlung rather than Eq. (24) . Since the rate of 
energy loss from relativistic bremsstrahlung exceeds that from non- 
relativistic bremsstrahlung by a Lorentz factor, cooling will become 
only faster [ 63 ]. Thus, Eq. (24) is a conservative estimate. 
In Fig. 5 we present contours on which the cooling timescale is 
sufﬁciently rapid. We derive the bounds by assuming two different 
number densities n C = n X . First we assume conservatively that DDDM 
is uniformly distributed over a 110 kpc sphere as in Eq. (26) . The 
bounds for m X = 100, 1 GeV are shown in the upper row of Fig. 5 . 
Because DDDM will tend to fall into the halo, we expect that in fact 
cooling will be more rapid due to enhanced number density in the 
halo ’ s central region. To obtain a more optimistic estimate, then, we 
estimate the time scale again using an NFW proﬁle with a character- 
istic scale R s = 20 kpc. We still use the virial theorem 
1 
2 
3 G  N M ( R s ) 
5 R s 
= 3 
2 
T 20 , (28) 
where T 20 is the temperature inside this region with radius R s = 20 kpc 
and M ( R s ) is the mass inside the region. Then the number density is 
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Fig. 5. Cooling in the ( m C , αD ) plane. The purple shaded region is the allowed region that cools adiabatically within the age of the universe. The light blue region cools, but with 
heavy and light particles out of equilibrium. We take redshift z = 2 and T D = T CMB / 2. The two plots on the left are for m X = 100 GeV; on the right, m X = 1 GeV. The upper plots are 
for a 110 kpc radius virial cluster; the lower plots, a 20 kpc NFW virial cluster. The solid purple curves show where the cooling time equals the age of the universe; they have a 
kink where Compton-dominated cooling (lower left) transitions to bremsstrahlung-dominated cooling (upper right). The dashed blue curve delineates fast equipartition of heavy 
and light particles. Below the dashed black curve, small αD leads to a thermal relic X, X density in excess of the Oort limit. To the upper right of the dashed green curve, B XC is high 
enough that dark atoms are not ionized and bremsstrahlung and Compton cooling do not apply (but atomic processes might lead to cooling). (For interpretation of the references 
to color in this ﬁgure legend, the reader is referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 chosen to be 
n C = n X =  3 M ( R s ) 
4 π R 3 s 
1 
m X 
. (29)
The results are shown in the bottom row of Fig. 5 , and potentially
allow masses an order of magnitude larger than the conservative es-
timate when bremsstrahlung is the dominant cooling mechanism.
These plots show when efﬁcient bremsstrahlung and / or Compton
cooling can begin. Once cooling begins, increased density makes it
more efﬁcient, so the process will continue. For smaller m C and αD ,
Compton cooling could be faster than bremsstrahlung cooling. Thus
the curves in Fig. 5 have kinks which correspond to transitions frombremsstrahlung cooling domination to Compton cooling domination.
We expect that both bremsstrahlung and Compton cooling will con-
tinue until heavy and light ions become cold enough to recombine
into dark atoms. 
From the left-hand plots in Fig. 5 , we see that for m X = 100 GeV,
there is a small region of parameter space where m C ≈1 MeV and
αD ≈0.1 where bremsstrahlung cooling happens within the age of
the universe and the X and C particles are in equilibrium. A much
larger region of parameter space with smaller m C has a fast cooling
time but slow equipartition, so a better understanding of nonequi-
librium cooling is needed to be certain of the fate of DDDM in this
148 J. Fan et al. / Physics of the Dark Universe 2 (2013) 139–156 
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1 We are assuming an asymmetric scenario in which X and C are present, possibly 
with a symmetric X and X population, but C is absent. As discussed in Section 3.2 , a 
symmetric scenario may be possible in models with a more complex cosmology, in 
which case X C recombination and C C annihilation could also occur during cooling. egion. On the other hand, the right-hand plots of Fig. 5 show that 
 much larger region of parameter space cools adiabatically when 
 X = 1 GeV. In particular, a Standard Model-like choice m X = 1 GeV, 
 C ≈m e , and αD ≈α is on the edge of the region that cools efﬁciently 
y bremsstrahlung. (The SM gets some help from the baryon abun- 
ance being 15% of all matter rather than  = 0.05 in our plot.) A larger 
egion of parameter space down to m C = 10 keV with αD between 10 −4 
nd 10 −1 can cool efﬁciently, typically through bremsstrahlung but 
ith Compton cooling predominating at the smaller values of αD . 
For the evaluations above, we assumed n C = n X , as is the case for 
ully asymmetric dark matter. This is not necessary. In Fig. 6 , we ﬁx 
D such that the thermal relic abundance of X is 5% of the total DM 
ensity (as in Fig. 1 ) and plot the minimal n C / n X needed to have a 
ooling time scale shorter than the age of the universe. Combining 
oth plots, we see that in most of the parameter space, sufﬁcient 
ooling requires light DDDM with density greater than thermal (but 
omparable to the thermal abundance for X ), which we will assume 
o be present. As discussed in Section 3.2 , we take the nonthermal 
omponent to be asymmetric. 
Note also that in principle other cooling processes might occur. 
e expect atomic or even molecular processes or collisional cooling 
on ’ t be important until below the expected recombination temper- 
ture, which is below the binding energy. However, note that it is 
nly important at this point to establish that cooling can indeed oc- 
ur, and that the temperature can be sufﬁciently low to form a thin 
isk no bigger than that for the baryons. Bremsstrahlung or Compton 
cattering with sufﬁciently light C particles ensures this can indeed 
e the case. 
Finally we would also like to emphasize that although we chose 
he fraction of DDDM to saturate the upper bound in our studies, 
he cosmological history remains similar and cooling and formation 
f a dark disk could still happen even if the fraction is smaller than 
% of the total DM density. For example, if the heavy ﬁeld has mass 
 X = 1 GeV, there is still parameter space in which the cooling time 
cale is shorter than the age of the Universe even if DDDM only consti- 
utes 0.05% of the total DM density. Hence the DDDM scenario will still 
urvive even if the bound on DDDM relic abundance gets stronger. 
. Disk formation 
Having established that DDDM can efﬁciently cool via 
remsstrahlung or Compton scattering, we now consider how it will 
e distributed within the Milky Way. Like any matter falling into a 
alo, DDDM will have angular momentum, and so, as with baryonic 
atter, we expect that it will cool into a rotationally-supported disk. 
ecause DDDM does not have supernova feedback and other pro- 
esses that may be important in the evolution of the baryonic disk, 
his is not entirely obvious, and we rely on recent sophisticated nu- 
erical simulations in which disk formation occurs without including 
tellar and supernova feedback [ 96 , 97 ], rather than the earliest simu- 
ations in which baryons formed small clumps rather than disks [ 98 ]. 
t is important to have further numerical work to conﬁrm that this 
s true; DDDM that could form clumps instead of disks could also be 
xtremely interesting. 
We assume the disk mass distribution from Eq. (4) . Assuming the 
isk scale length R d is much larger than the scale height z d , we can 
eglect radial derivatives in the Jeans equation for an axisymmetric 
ystem and estimate, at the galactic center: 
z d ≈
√ 
2 v 2 z 
πG  N ρc e nte r 
≈ 16 v 
2 
z R 
2 
d 
G  N M 
gal 
DM 
≈ 1 . 2 
(
v rms z 
10 −3 
)2 R d 

. 
(30) 
here v rms z ≡
√ 
v 2 z is the velocity dispersion of DDDM in the vertical 
irection, ρcenter ≡ ρ(0, 0) is the central mass density, and we have used Eq. (4) in the second step. This estimate assumes the gravita- 
tional potential is dominated by the disk, i.e. it ignores the effects 
of baryons and of ordinary dark matter, but this is self-consistent to 
the extent that the disk is quite thin and thus the DDDM density is 
locally much larger than that of baryons and ordinary dark matter. 
We estimate that the vertical velocity dispersion corresponds to the 
temperature at which cooling stops, v 2 z ≈ T co o led /m X . We also assume 
that the disk scale length R d is comparable to that for baryons, around 
3 kpc [ 46 ]. Eq. (30) should be viewed as a rough estimate; in par- 
ticular, the detailed spatial distribution of DDDM may not precisely 
correspond to Eq. (4) . 
In order to obtain concrete numbers from Eq. (30) , we need an 
estimate of the ﬁnal temperature T cooled . Bremsstrahlung and Comp- 
ton cooling will cease to be efﬁcient once the light particles are slow 
enough to recombine into dark XC atoms, at temperatures low com- 
pared to the binding energy B XC . 
1 A rough estimate of the temperature 
at which this occurs is found by solving the Saha equation, 
n X n C 
n XC n 
= x 
2 
1 − x = 
1 
n 
(
T m C 
2 π
)3 / 2 
exp 
(
− B XC 
T 
)
, (31) 
where n XC is the bound state number density and n = n XC + n X and 
n X = n C . The ionization fraction x = n C / n . In order to obtain the rele-
vant density, we assume that the gas has already cooled into a disk 
with scale radius R d and scale height z d 
n = ρ0 
m X 
= M gal 
8 π R 2 d z d m X 
= G  N ( M gal ) 
2 
128 π R 4 d T 
. (32) 
Combining Eqs. (31) and (32) and requiring the ionization fraction to 
be smaller than 1, e.g., 0.1 or 0.01, we ﬁnd the results shown in Fig. 7 , 
which we summarize as: 
T co o led ∼ ( 0 . 02 − 0 . 2 ) B XC . (33) 
Thus, we expect that cooling stops at a temperature of about 10% of 
the binding energy. This leads to estimates of the disk scale height 
that are substantially thinner than the baryonic disk. Over the bulk 
of parameter space, we ﬁnd that the results are well-described by a 
power law: 
z d ≈ 2 . 5 pc 
( αD 
0 . 02 
)2 m C 
10 −3 GeV 
100 GeV 
m X 
(34) 
The 1 / m X scaling arises because, at a given temperature, the velocity 
of the dark atoms is smaller at larger X masses. In other words, we 
expect large boost factors for weak-scale dark matter because it is 
much heavier than baryons. For lighter X particles, smaller values of 
αD can still allow cooling and a thermal abundance of the symmetric 
component, in which case we again can get large boost factors simply 
because the binding energy, and hence the temperature of dark atoms 
relative to baryonic atoms, can be much smaller. 
Further cooling could occur, as in the baryon sector, through 
molecular processes; on the other hand, heating processes could also 
occur that would thicken the disk. For instance, the gravitational in- 
ﬂuence of interstellar clouds on the vertical distribution of stars in the 
Milky Way is important [ 99 , 100 ]. A molecular cloud that accelerates 
stars will also accelerate gas particles, like the XC bound states, and 
this could thicken the disk. However, stars are collisionless, while XC 
bound states could cool down again, so we expect the velocity dis- 
persion imparted by interstellar clouds to be smaller for DDDM than 
for stars. In the absence of a more thorough treatment of such possi- 
ble heating mechanisms, we can only say that the true disk thickness 
is expected to lie between Eq. (34) and the height of the baryonic 
J. Fan et al. / Physics of the Dark Universe 2 (2013) 139–156 149 
Fig. 6. Fixing αD to yield the thermal relic abundance of DDDM as 5% of the total DM relic abundance, the minimal n C / n X with a cooling time scale equal to the age of the universe 
as a function of m C for m X = 100, 1 GeV. We choose redshift to be z = 2 and dark temperature T D = T CMB / 2. The bounds are from the Compton cooling process, which for the chosen 
m X and αD dominates (so the bounds are independent of the DDDM density proﬁle). 
Fig. 7. Estimates of cooling temperature T cooled / B XC in the ( m C , αd ) plane. Black solid 
curves: ionization fraction x = 0.1; green dashed curves: x = 0.01. (For interpretation of 
the references to color in this ﬁgure legend, the reader is referred to the web version 
of this article.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 gaseous disk (on the order of 100 parsecs). It would be very interest-
ing to see if simulations could provide a more robust estimate of the
disk height, which is crucial for understanding the possible enhance-
ment in dark matter detection signals. 
The angle between the baryon and DDDM disks also plays a
key role in the observability of DDDM, especially for direct and
indirect detection. We would expect that gravity would tend to
align these structures in a timescale set, very approximately, by
t ∼ R √ R/GM di s k ∼ 10 7 yr . In fact, even as the galaxy ﬁrst formed,
the angular momentum vectors of baryons and DDDM could already
have been approximately aligned, because ﬁlaments in the cosmic
web deﬁne preferred directions for accretion. Recent numerical sim-
ulations of the galaxy [ 101 ] have found that the stellar and gaseouscomponents of the baryonic disk are typically aligned to within about
7 ◦, and the angular momentum vector of dark matter in the inner halo
is somewhat less aligned, with a median angle of 18 ◦ to the angular
momentum of the gaseous disk. The fact that simulations see a much
better alignment of the angular momentum of the baryonic disk with
the angular momentum of dark matter in the inner part of the halo
[ 102 , 101 ], rather than the entire halo, is reﬂective of the gravitational
alignment that we expect to happen between the two disks in our
model. Because we expect approximate alignment, indirect detection
signals from the galactic plane might be expected as we discuss in the
following section. 
Dark disks may also arise from ordinary dark matter accreting onto
the stellar disk [ 44 , 103 , 104 ]. Their phenomenology of direct detection
and solar capture are similar to what we will discuss in Section 7 , but
our mechanism to generate the disk is completely different. If such
a dark disk of ordinary cold dark matter exists as well, it will be
aligned with the baryonic disk and its effect on the DDDM disk will
be similar to that of baryons. Interestingly, the dynamics of accretion
might also add ordinary DM to the DDDM disk, if it is not aligned with
the baryonic disk. Again, detailed simulations are needed to quantify
the effects of these various disks on each other. 
Finally we want to comment on the “thin” and “thick” disks. It
is known that in the Milky Way ’ s stellar disk, different stellar sub-
populations have different vertical scale heights, their thickness in-
creasing with age. But as argued by [ 105 ], there is no “thick disk” that
is characterized as a seperate component. For our DDDM scenario, it
is unclear whether compact objects such as “dark stars” would form,
at least in the simplest U(1) model given the lack of nuclear reactions,
and even less clear is the effect of compact dark objects on the disk
height. 
7. Indirect and direct detection 
7.1. Indirect detection 
A dramatic signal of DDDM can arise from annihilation of dark
matter particles with their antiparticles, e.g., annihilation of residual
ionized X with X into gamma rays for example. Because photons travel
unimpeded to us, such a signal could in principle provide a map of
the dark disk on the sky, giving striking visual conﬁrmation that dark
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Fig. 8. Local density enhancement in DDDM, as a function of disk scale height z d , in a 
square region around the GC ﬁxing  = 0.05 that DDDM is 5% of the total DM density. 
Red: region within b ⊂ ( −1 ◦ , 1 ◦), l ⊂ ( −1 ◦ , 1 ◦). Green: region within b ⊂ ( −0.1 ◦ , 0.1 ◦), l ⊂
( −0.1 ◦ , 0.1 ◦) (current Fermi-LAT angular resolution). Black: region within b ⊂ ( −0.01 ◦ , 
0.01 ◦), l ⊂ ( −0.01 ◦ , 0.01 ◦). (For interpretation of the references to color in this ﬁgure 
legend, the reader is referred to the web version of this article.) 
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Fig. 9. Sky maps of the photon ﬂux shape in arbitrary units for different DM proﬁles. 
Upper: Normal DM with an Einasto proﬁle. Middle: DDDM in a disk aligned with our 
disk. Lower: DDDM in a disk misaligned with our disk by 18 ◦ . The DDDM images have 
disk scale height z d = 100 pc. 
 atter has cooled into a structure distinct from a typical halo. The 
amma-ray intensity in a given direction is the line-of-sight integral 
f the DM number density squared along a given direction, 
d γ
dE γ
= 1 
8 π
〈 σv 〉 γ γ
m 2 DM 
2 δ ( E − E γ ) d ρ2  J , (35) 
ith: 
J  = 
∫ 
roi 
db dl 
∫ 
l . o . s 
ds 
d 
cos b 
(
ρ ( r ) 
ρ
)2 
, (36) 
here ρ is the normal DM density at the Sun, ρ = 0.3 GeV cm −3 . d 
s the distance from the Sun to the galactic center (GC), d  ≈8.3 kpc. 
he integral is over the region of interest (roi) at the GC. The smallest 
egion centered around the GC that the Fermi-LAT experiment is sen- 
itive to is a 0.2 ◦ × 0.2 ◦ square due to ﬁnite angular resolution, which 
orresponds to a 28 pc × 28 pc region around the GC. Thus for a disk 
eight z d > 28 pc, we expect that J DDDM scales as z 
−2 
d . Fig. 8 shows 
he local density enhancement of DDDM compared to the normal DM 
eﬁned as 
J  D D D M 
J  DM 
s a function of the DDDM disk height z d , where for normal DM, we 
sed an Einasto proﬁle 
ρEi nas to ( r ) = ρs exp ( − ( 2 /αE ) ( ( r/r s ) αE − 1 ) ) , (37) 
ith r s = 20 kpc and αE = 0.17. ρs is ﬁxed to achieve the correct ρ. 
he resulting boost factor arises not only from the compression of the 
isk in the vertical direction, but also because the disk scale length in 
he radial direction is somewhat smaller than the radial spread in the 
istribution of ordinary dark matter. 
Clearly an enhanced DDDM density would be distinguishable. 
ven if the density enhancement J DDDM / J DM integrated over the re- 
ion of interest is modest, the distribution of photons within this 
egion—and especially at larger distances from the galactic center—
an be radically different for DDDM and ordinary dark matter. Some 
llustrations of the photon ﬂux over the sky are shown in Fig. 9 . 
Another feature of a possible indirect detection signal from DDDM 
nnihilation is that a larger Sommerfeld enhancement can arise due 
o the smaller velocity dispersion of DDDM. It is usually assumed that the DM halo is approximately isothermal, and thus the velocity 
distribution is mostly Gaussian with a dispersion ∼10 −3 c . However, 
DDDM travels in circular orbits around the GC and its velocity dis- 
persion could be much smaller than 10 −3 c . Speciﬁcally, its velocity 
dispersion is determined by T cooled through v 
2 = 3 T co o led /m X . For ex- 
ample, in the parameter space where bremsstrahlung or Compton 
cooling is efﬁcient as shown in Section 5 , v 2 z < 10 
−9 for m X = 100 GeV. 
Thus the Sommerfeld enhancement factor, which scales as 1 / v , could 
be increased by a factor of 10 or more compared to non-dissipative 
DM charged under U(1) D with the same charge and mass. 
In summary, for indirect detection, the DDDM scenario could eas- 
ily accommodate a large boost factor from local density enhancement 
in the range (10–1000) depending on the disk height. Also due to a 
smaller velocity dispersion, DDDM could have a larger Sommerfeld 
enhancement, giving rise to another boost factor of O(100). Thus the 
DDDM scenario could easily explain the suggestion of a Fermi pho- 
ton line at around 130 GeV without large couplings or tuned masses. 
Again, we would like to emphasize that this photon line only serves 
as an example that the DDDM scenario could lead to interesting and 
distinctive indirect detection signals. 
Throughout this discussion we have assumed that the DDDM disk 
and the ordinary dark matter are centered on the same location. The 
Fermi 130 GeV line is arguably off center [ 76 , 77 ], which has provoked 
some debate, with numerical simulations showing that dark matter 
may be displaced from the galactic center [ 106 ] and others arguing 
that tidal disruption prohibits such a displacement [ 107 ]. It would be 
interesting to explore the similar question of whether the DDDM disk 
and the baryonic disk can be centered on different locations. 
7.2. Direct detection 
Direct detection of dark matter could in principle be possible if 
the Earth is located within the DDDM disk. In the most optimistic 
case when the Sun is in the DDDM disk, the DDDM density at the 
position of the Sun could be as large as 6 GeV / cm 3 , 20 times as large
as the normal DM density, for  = 0.05 and z d = 100 pc. However, the 
spectrum of DDDM scattering off nucleons would be very different 
from that of an ordinary WIMP with the same mass, and we will see 
that the kinetic energy of DDDM is too low to produce a measurable 
signal in conventional direct detection experiments. 
The kinematics of direct detection involves a dark matter parti- 
cle moving with a nonrelativistic velocity v in the lab frame, which 
scatters off a stationary nucleus. Depending on the scattering angle, 
the recoil energy imparted to the nucleus can take any value between 
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 zero and 
E max R = 
2 μ2 N 
m N 
v 2 X 
≈ 0 . 5 keV nr 
( μN 
50 GeV 
)2 100 GeV 
m N 
(
v X 
10 −4 
)2 
, 
(38)
where v X is the dark matter velocity, m N is the mass of the target
atom, and μN is the reduced mass of the DDDM–nucleus system.
Most experiments are sensitive to energies above a threshold value
of E R , below which noise and various backgrounds can overwhelm
any possible dark matter signal. Having a threshold E R corresponds to
being sensitive to a minimum value of the dark matter velocity v X . For
ordinary dark matter, there is a broad spectrum of velocities that can
be approximately modeled as an isothermal distribution with typical
velocity 10 −3 c . But DDDM is not ordinary dark matter: after cooling,
it is in the form of a rotationally supported disk, and a typical DDDM
particle will move in a circular orbit around the center of the galaxy.
Near the Sun, both DDDM and the solar system would be in approxi-
mately the same circular orbit, so the large radial component of their
velocity will be identical. Only deviations from this typical circular
velocity can contribute to scattering. The rate for spin-independent
elastic scattering is: 
d 
dE R 
= N t m N ρX σn 
2 m X μ2 n v X 
A 2 F ( E R ) 
2 E R θ ( v X − v min ) , (39)
where N t , m N and A are the number, mass, and atomic number of the
target atoms; m X , ρX and v X are the the mass, local density, and veloc-
ity of DDDM at the Sun; σ n is the zero-momentum spin-independent
DDDM–nucleon scattering cross section; μn is the reduced mass of the
DDDM–nucleon system; F ( E R ) 
2 is the nuclear form factor; and v min the
minimum DDDM velocity needed to create a recoil with recoil energy
E R . Before taking into account the nuclear form factor F ( E R ) 
2 , the spec-
trum would be ﬂat between 0 and E max R . However, the nuclear form
factor F ( E R ) 
2 is in general an exponentially falling function, which
suppresses higher energy recoils, yielding a falling spectrum with an
end point at E max R . 
The typical threshold for current direct detection experiments
is a few keV in nuclear recoil (e.g., the CoGeNT threshold is
0.5 keVee ∼2 keVnr). Eq. (38) shows that the velocities in the lab
frame need to be larger than 10 −4 c in order for DDDM to produce hard
enough recoils to be detected at such experiments. There are several
sources of relative velocity between the detector and the DDDM. One
is the peculiar velocity of the Sun, which does not have a perfectly
circular orbit. Another is the motion of the Earth around the Sun.
Both of these velocities are around 10 −4 c , too small to give an easily
detectable signal. Other sources of relative velocity could arise from
inhomogeneities in the disk that lead to deviations from perfectly
circular orbits. For instance, the spiral arms of the baryonic disk are
density waves, analogous to trafﬁc jams, across which the radial ve-
locities of stars vary. The Sun is in such a spiral arm, and the DDDM
disk may also have density waves or other structures in which ve-
locities differ. However, given that the spiral arm in our disk only
modiﬁes stellar velocities by ∼10 −4 c , it is not clear that such effects
can be large enough to change our conclusion. 
In general, it is interesting that due to the DDDM ’ s small velocity,
only the energy bins close to an experimental threshold could be sen-
sitive to DDDM scattering. So far, the importance of energy calibration
around the threshold has been mostly emphasized for ruling in or out
the light DM scenario. Yet from the discussions above, pushing the
thresholds of direct direction lower could also be important for the
DDDM scenario, or in general, DM with a small velocity [ 103 ]. 
Another possible way to detect DDDM directly is to look for single-
or few-electron events if it scatters with electrons, causing ionization
of atoms in a detector target material. In particular, dual-phase liquid
xenon detectors could have sensitivity to such small ionization signals
[ 108 –110 ]. The low relative velocity would tend to suppress direct detection
even in the most optimistic case, when the Earth is directly inside
the DDDM disk. Another possible suppression mechanism is that the
Earth could be located in a region of low DDDM density. The Earth sits
about 10–20 pc above the galactic plane [ 111 ] and about 8 kpc from
the galactic center [ 112 , 113 ]. A 5 ◦ inclination of a z d = 100 pc DDDM
disk would suppress the local DDDM density by a factor of 10 com-
pared to the normal DM density at the Sun, ρ = 0.3 GeV / cm 3 . Hence,
even improved low-threshold experiments could not completely rule
out DDDM, since it is always possible that the density near the Earth
is simply too small to observe. 
7.3. Solar capture 
Another possibility for detection arises from solar capture. As dark
matter particles pass through the Sun, they could scatter off nuclei
inside the Sun and become gravitationally bound. With subsequent
scattering (between themselves and nuclei), they could eventually
accumulate in the center of the Sun. Captured X and X particles could
subsequently annihilate into various SM ﬁnal states. For instance,
they could annihilate into Z γ or ZZ through the same loop of charged
particles that leads to monochromatic photon lines. Z s would subse-
quently decay into energetic neutrinos, which could be observed in
neutrino telescopes on Earth, such as IceCube. 
Currently IceCube constrains the spin-independent capture rate to
be C SI ∼ 10 22 s −1 for a 100 GeV DM particle, which for an ordinary DM
particle corresponds to a constraint on the DM–nucleon cross section
of σ
p 
SI ∼ 6 . 0 × 10 −43 cm 2 [ 114 ]. This interpretation of the data relies
on the assumption that DM has come into equilibrium in the Sun,
at which point the capture and annihilation rates are comparable;
see e.g., the review [ 115 ]. If the equilibrium is not achieved, the DM
annihilation rate would be suppressed compared to the capture rate. 
In the DDDM scenario, two factors could enhance the solar cap-
ture rate (given the same DM–nucleon cross section). First, if the
sun is inside the dark disk, DDDM should have a larger local den-
sity, ∼10 times as large as the ordinary DM local density near the
sun. The capture rate could also be enhanced by a larger gravitational
Sommerfeld enhancement scaling as the inverse of the velocity dis-
persion [ 116 ], again a factor of 10 compared to that of ordinary DM.
This enhancement due to lower velocity also happens in a dark disk
made of ordinary dark matter [ 104 ]. The DDDM annihilation rate is
also Sommerfeld enhanced due to the long-range U(1) D . Thus we ex-
pect that DDDM always comes into equilibrium in the Sun unless the
DM–nucleon cross section is very small. The DDDM–nucleon cross
section varies from about 10 −49 cm 2 [ 117 ], if DDDM interacts only
through a loop-suppressed coupling to SM photons, to 10 −44 cm 2 if
DDDM couples to SM gluons at the one-loop order. This is equivalent
to a capture rate in the range 10 17 s −1 –10 22 s −1 , assuming that the
DDDM capture rate is 100 times as large as that of ordinary DM with
the same cross section for scattering on nucleons. Thus DDDM could
potentially lead to a signal in the ongoing IceCube experiment. It is
interesting that, although small velocities make direct detection more
difﬁcult, they enhance the solar capture rate and could lead to larger
signals at IceCube, which then plays an important complementary
role. 
Though it is not possible in our minimal models, more complicated
models could also lead to possible signals from high energy gamma
rays or charged particles such as e ± near the Sun. For instance, DDDM
could annihilate into metastable intermediate particles that decay
outside the Sun into photons or e + , e − pairs; or if DDDM particles
scatter inelastically, captured DDDM can be bound in elliptical orbits
of order the size of the Sun and can then annihilate outside of the Sun
[ 118 ]. 
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2 We also recently learned of other work in progress with a separate interacting 
component without dissipation and with gravothermal collapse from Pollack and Stein- 
hardt. .4. LHC searches 
In principle, the LHC can search for dark matter as well. WIMP 
earches can proceed if the WIMP is part of a larger sector, such as 
 supersymmetric theory where charged superpartners can decay to 
he LSP. Such searches are unlikely to apply for this new sector unless 
t is also part of a BSM model, which we leave an open question. 
Other searches [ 119 –121 ] rely on crossing the interaction (see 
ppendix A ) responsible for either direct or indirect searches. Ref. 
 117 ] studies whether an operator that produces the Fermi signal can 
lso lead to a detectable LHC signal. They concluded that the signal 
s barely detectable when there is no large boost factor. Our large 
oost factor implies a smaller strength matrix element that will not 
e observable in the near future. 
. Conclusions and future work 
In this paper we have shown that it is possible for a subdominant 
omponent with up to 15% of all dark matter and dissipative dynam- 
cs to collapse into a disk similar to the baryonic one. In effect, such 
atter behaves much like a new kind of ordinary matter, constituting 
 hidden world neighboring our own. If it annihilates to visible-sector 
articles, we could see a striking enhanced indirect detection signal 
istributed on the sky very differently from that expected for ordi- 
ary dark matter. Even without such indirect detection channels, it 
s very possible that such new forms of matter could be detected 
hrough their gravitational interactions with other matter. We have 
iven some simple estimates of the properties of Double-Disk Dark 
atter, but much remains to be done. Here we will brieﬂy outline 
ome important directions for future work. 
Numerical simulations : Questions such as small-scale structure and 
he expected alignment of the DDDM and baryonic disks would best 
e answered through numerical simulations of galaxy formation (e.g., 
n mixed N -body / hydrodynamical codes). A fully correct picture, es- 
ecially in the case that equipartition between heavy and light parti- 
les is not fast, would likely require modeling dark electric and mag- 
etic ﬁelds as well. Such numerical simulations might also shed light 
n the expected velocity distribution of DDDM near the Sun, which 
s important for understanding whether direct detection could ulti- 
ately be possible. 
Large-scale structure: DDDM could impact the large-scale structure 
f the universe in ways that might be detectable in the CMB, galaxy / 
alaxy correlation functions, or other observables. For instance, dark 
coustic oscillations are a possible signal [ 7 ]. It would be interest- 
ng to determine whether surveys of large-scale structure, possibly 
ncluding upcoming 21 cm observations that probe the cosmic dark 
ges, could be sensitive to the existence of DDDM. 
Small-scale structure: ΛCDM simulations have problems at small 
cales such as overly large cusp predictions and too many satellites. 
he potential for DDDM to address these problems deserves study. 
fter the disk forms and cools, regions within the gas of dark atoms 
an suffer gravitational collapse, perhaps leading to interesting small- 
cale structure and compact objects. 
Chemistry and nuclear physics: It will also be interesting to study 
ark matter chemistry, which should resemble hydrogen chemistry, 
s well as nuclear physics if additional interactions are included. Fur- 
her cooling processes that depend on dark atoms and molecules will 
e interesting to study in this case. 
Observational tests for a disk: The Gaia satellite, or other surveys of 
tars in the Milky Way, will study star velocities with unprecedented 
recision. It is important to see how this can be used to map out the 
istribution of dark matter and test for the presence of structures like 
 DDDM disk through their gravitational effects. Other possible tests 
ould be microlensing from compact DDDM objects or lensing from 
he net effect of the DDDM disk on light from distant objects. From 
he particle physics perspective, models in which DDDM exists but can be only be detected gravitationally are conceivable, so it is vital 
to understand whether current or future observations can directly 
probe its gravitational effects. 
Indirect detection bounds: New analyses of existing data, for in- 
stance from Fermi-LAT, could be used to set limits on the annihilation 
rate of DDDM into Standard Model particles. These analyses would 
differ from the standard analysis because DDDM ’ s spatial distribution 
is very different from a typical halo proﬁle. 
Nonthermal cosmologies: It will be interesting to explore models 
that generate the dark sector asymmetry and possibly relate it to the 
baryon asymmetry. A more thorough exploration of possible scenar- 
ios generating a nonthermal symmetric C , C component at late times 
could also be interesting. 
The various issues highlighted above may not all be decoupled. For 
example, it has been proposed that the cusp / core problem is related 
to supernova explosions that ﬂatten the dark matter cusp into a core. 
This is in tension with the low star-formation efﬁciency suggested 
by the missing satellites problem [ 122 ]. But suppose that the DDDM 
sector involves violent small scale events that, like supernovae, inject 
energy that could ﬂatten out the cusp. This may not happen in our 
minimal model, but is conceivable in a DDDM model with a closer 
resemblance to the Standard Model, for instance. Such events may 
not be observable in visible light, and so the tension with the miss- 
ing satellites problem may not exist in this case. This is just one of 
many possible directions that could tie together the physics and as- 
trophysics of DDDM in novel ways. 
We emphasize that, although a dizzying array of particle physics 
models have been proposed for dark matter, most appear from the 
astrophysical perspective as the same cold, collisionless dark mat- 
ter. Explorations of dark matter with different astrophysical conse- 
quences are mostly limited to warm dark matter and self-interacting 
dark matter, with the latter usually assuming a ﬁxed cross section for 
point-like interactions or, at times, velocity dependence [ 123 –128 ]; 
though see also Footnote 2 . Such scenarios with two components of 
dark matter—the dominant one essentially noninteracting and a small 
component with self interactions—introduce many new possibilities 
and are as yet only weakly constrained. We believe that Partially In- 
teracting Dark Matter and, in particular, Double-Disk Dark Matter go 
far beyond standard scenarios for dark matter and offer very novel 
prospects for dark matter astrophysics. The phenomena we have dis- 
cussed in this paper could be just the tip of the iceberg. 
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Fig. 10. A possible 3-loop contribution to kinetic mixing when no particles are charged 
under both sectors, which is zero because it involves both particles and antiparticles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Possible 4-loop contributions to kinetic mixing when there are particles 
charged under both U(1)s. At left: this diagram is proportional to T r ( Q 3 Q 5 D ). The con- 
dition that T r Q D ( Q 
3 ) = 0, i.e. that the trace of visible charged cubed vanishes in the 
sector with any given dark charge, is sufﬁcient to make this diagram vanish. At right: 
this diagram is proportional to T r ( Q 2 Q 2 D ) T r ( QQ 
3 
D ). The condition that T r Q ( Q 
3 
D ) = 0 is 
sufﬁcient for it to be zero. 
Fig. 12. Possible scenarios for fermionic dark matter giving rise to an annihilation 
signal in gamma rays. At left: s -channel intermediate scalar. (It could also be a spin-one 
Z ′ with a γ Z ﬁnal state.) At right: box topology with charged intermediate states. 
Fig. 13. Possible scenario for an annihilation signal in gamma rays: scalar loop diagram 
with a box topology. This can give X annihilation and not C production, consistent with 
bounds, if C does not couple to the new gauge boson W ′ . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Appendix A. Satisfying kinetic mixing constraints in models of 
DDDM 
A.1. Kinetic mixing constraints 
Ordinary photons and dark photons can mix through the operator
κ F μν F 
μν
D [ 90 ]. Assuming (as we have throughout the paper) that dark
photons are exactly massless, such a mixing means that ordinary
matter has a small charge under U(1) D and dark charged matter has
a small charge under U(1) EM . This would keep the DDDM sector and
visible sector coupled to dangerously low temperatures. In particular,
in the early universe, it would allow the Standard Model plasma to
produce C and C through interactions like e + e − → C C or γ → C C .
When m C 
< ∼ 1 MeV this will overproduce relativistic C particles and
violate the bound from BBN discussed in Section 3.1 , unless [ 129 ] 
κ  10 −9 . (40)
For even lighter C masses, m C < 10keV, there is an even stronger
bound of κ  10 −13 to 10 −14 from the cooling of red giants and white
dwarfs (for details see [ 129 ] and references therein). 
Kinetic mixing has the potential to be dangerous because, as a
marginal operator, it can be generated at any scale. Even GUT-scale
particles charged under both groups could lead to violation of the
experimental bound. Despite this danger there are several ways of
avoiding the bound. First, we observe that it is consistent to simply
set the kinetic mixing to zero, if there are no particles at any scale
charged under both U(1) Y and U(1) D . This is true even if particles
charged under the two groups interact in other ways, e.g., through
exchanging scalar ﬁelds. For example, consider the possible 3-loop
diagram in Fig. 10 . Because both particles and their antiparticles run
in this loop, the diagram will vanish: the loop on the right with ψ + 
will be canceled by a loop with ψ −. 
In fact, kinetic mixing can vanish to high loop order even if there
are particles charged under the two groups, by choosing charge as-
signments to satisfy certain anomaly-like conditions. The one-loop di-
agram is proportional to Tr( QQ D ), with Q the visible charge of the par-
ticle running in the loop and Q D the dark charge. If for every choice of Q
the sum of the dark charge of particles with visible charge Q vanishes,
a condition that we denote Tr Q ( Q D ) = 0, the one-loop kinetic mixing
will vanish. At higher loops there are diagrams with extra photon and
dark photon exchanges going as T r ( Q m Q n D ) for m , n ≥ 1. An example
of such a diagram at four loops is shown at left in Fig. 11 . If we impose
the conditions T r Q ( Q D ) = T r Q ( Q 3 D ) = T r Q D ( Q ) = T r Q D ( Q 3 ) = 0, all
of these diagrams with four or fewer loops will vanish. Another set of
diagrams at four loops involves two fermion loops, like the right-hand
plot in Fig. 11 , but these are set to zero by the same trace constraints.
These are anomaly-like constraints in the sense that they demand
certain vanishing traces, but they are much more restrictive than
anomalies: they apply to scalars in the loop as well as to fermions,
and they restrict the trace of dark charges in the sector with ﬁxed vis-
ible charge and vice versa. Although these conditions are restrictive,
they could potentially be satisﬁed, and could forbid kinetic mixing up
to 5 loops. Such models would be consistent with the bound in Eq.
(40) . 
Another possibility is that U(1) Y or U(1) D is embedded in a non-
abelian group. For example, suppose that U(1) D arises from a groupSU(2) D broken by an adjoint Higgs D . If the lightest particle charged
under both SU(2) D and U(1) Y has mass M > 〈 D 〉 , we expect that the
mixing arises from a dark S -parameter operator [ 130 ] 
g D g 
′ 
16 π2 
1 
M 
T r 
(
a D W 
a 
Dμν
)
B μν . (41)
This is consistent with the bound κ < ∼ 10 −9 if, for example, SU(2) D is
broken at the weak scale and all particles charged under both groups
have masses above 10 9 GeV. In such a scenario, the threat that GUT- or
string-scale physics renders the model inconsistent with the bounds
can be avoided. 
Another distinctive scenario is to consider that an unbroken non-
abelian dark force remains at low energies. In this case kinetic mixing
with the photon is completely impossible. One might worry that such
a force would conﬁne and prevent long-range interactions. However,
with the relatively small values of αD at which cooling can be effective,
the temperature of our dark plasma in galaxies will be too high for
conﬁnement to occur. Nonabelian sectors that don ’ t conﬁne because
they ﬂow to infrared ﬁxed points are also a possibility, but in this case
we would need more ﬁelds with dark charge and the BBN bounds on
the number of light degrees of freedom would become more severe. 
One ﬁnal possibility is that the U(1) D is not exact and the gauge
boson is not massless. 
A.2. Other interactions between C , C and the SM plasma 
In models with indirect detection signals, we assume that the
heavy dark sector particles X and X can annihilate to Standard Model
particles; for instance, we can consider the process X X → γ γ . If the
light particles C have couplings similar to those of X , then the inverse
process γ γ → C C can produce relativistic C particles at late times.
This may be in conﬂict with the bound on light degrees of freedom
discussed in Section 3.1 . Unlike kinetic mixing, this constraint would
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Rrise from a higher dimension operator, 
1 
3 
C C F μν F 
μν, (42) 
hich is dimensionally suppressed and imposes weaker constaints 
han in the previous subsection. The cross section is 
σ
(
γ γ → C C ) ≈ T 4 
4 π6 
. (43) 
his scattering process potentially keeps C and C in equilibrium with 
he Standard Model. To check this, we compare to the Hubble rate: 
n γ σ
(
γ γ → C C )
H 
≈
2 ζ ( 3 ) 
π2 
T 3 T 
4 
4 π6 √ 
π2 
90 g ∗
T 2 
M Pl 
≈ 0 . 06 g −1 / 2 ∗ T 
5 M Pl 
6 
. (44) 
his shows that this process no longer couples C to the Standard 
odel thermal plasma when the temperature drops below 
T ≈
( 
g 
1 / 2 
∗ 6 
0 . 06 M Pl 
) 1 / 5 
∼ 250 MeV 
(

200 GeV 
)6 / 5 ( g ∗
100 
)1 / 10 
. (45) 
hus, if the coupling of X to the dark sector is ﬁxed through medi- 
tors with mass of order Λ at the weak scale, γ γ → C C scattering 
s approximately consistent with the hidden sector decoupling from 
he visible sector at temperatures above 200 MeV, which we found 
o be safe in Section 3 . Many models for the UV completion of this 
nnihilation model are possible, including those illustrated in Fig. 12 . 
n fact, for a fermionic model chiral symmetry can be used to further 
ower the couplings of C relative to those of X , rendering the model 
ven safer from constraints from γ γ → C C . 
Notice that for scalar dark matter φ, the operator φ† φF μνF μν has 
imension six and φ would not decouple from the Standard Model 
ntil lower temperatures, posing a potential problem for N B B N ef f ,ν . 
hese models however could be safe as well if the UV completion 
orks as in Fig. 13 , if the coupling to a new gauge boson W ′ is absent 
or the C particles (so that they are not produced from the Standard 
odel plasma) but not for the X particles (so that they can annihilate 
o photons). 
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